Background: Red blood cell distribution width (RDW) is a quantitative measurement of anisocytosis. RDW has prognostic value in humans with different cardiovascular and systemic disorders, but few studies have investigated this biomarker in dogs.
R ed blood cell distribution width (RDW) is a measurement of the size variation as well as an index of the heterogeneity of the circulating erythrocytes. [1] [2] [3] The RDW is a component of a CBC and is automatically calculated by modern cell counters by dividing the standard deviation of erythrocyte volume by the mean corpuscular volume (MCV). 4 Evaluation of RDW, in combination with MCV, is conventionally used in the differential diagnosis of anemia and has been traditionally employed to discriminate between regenerative and nonregenerative anemia in the dog.
1,2 A high value of RDW was identified as a negative prognostic indicator in humans with different cardiovascular and thrombotic disorders, including pulmonary arterial hypertension 5, 6 and pulmonary embolism. 7 The value of RDW in dogs with myxomatous mitral valve disease (MMVD) and compensated and decompensated heart failure has been recently investigated, and it was neither associated with disease severity nor to heart failure. 8 Pulmonary hypertension (PH) refers to an increase in pulmonary artery pressure that is usually secondary to various cardiovascular, respiratory, or systemic diseases in dogs. 9, 10 In humans, 5 types of PH are recognized according to the underlying pathophysiological mechanism. 11 A more simplified classification commonly employed in dogs distinguishes precapillary PH from postcapillary PH, the latter being PH associated with left-sided cardiac diseases. 9, 10 The diagnosis of PH can be accurately obtained by direct pulmonary pressure measurement via cardiac catheterization, but this technique is invasive and rarely performed in the clinical canine practice. 12, 13 Noninvasive estimation of pulmonary artery systolic and diastolic pressure may be obtained by Doppler echocardiography. 10, 12, 14 Different circulating markers of cardiovascular damage have been investigated in dogs with PH, including cardiac troponins and natriuretic peptides. [14] [15] [16] In a recent retrospective study, an increased RDW was found in a group of dogs with PH of different etiologies compared to control dogs but no information has been provided on the mechanism underlying this increase. 17 Red blood cell distribution width is routinely included in the clinical work up of dogs and is therefore a costeffective variable compared to other more expensive cardiac biomarkers. Although 2 recent retrospective studies have investigated the RDW in dogs with different cardiovascular disorders, 8, 17 more information about the effect of PH or underling diseases on RDW may better clarify its clinical usefulness. The aim of this study was to compare RDW between dogs with echocardiographically estimated precapillary and postcapillary PH and a control population and to determine whether RDW is correlated with clinical, laboratory, and echocardiographic variables.
Materials and Methods

Animals
The protocol of this prospective study was approved by the Ethics Committee of the University of Padua. Client-owned dogs presented to the cardiology service of the Veterinary Teaching Hospital of the University of Padua from January 2013 to November 2015 were eligible for entering the study. During the same time period, healthy dogs owned by students were also enrolled. After the owner signed a written consent form, each dog underwent physical examination, ECG, thoracic radiography, echocardiographic examination (two-dimensional real time, M-mode, and echo-Doppler), and blood sampling for CBC and serum biochemical profile. A single investigator (CG) evaluated both the thoracic radiographs and echocardiograms. Based on results of these examinations, dogs were assigned to the different groups according to the following criteria: 
Echocardiographic Examination
Echocardiographic and echo-Doppler examinations were performed in awake dogs without sedation with commercial ultrasound units a,b equipped with different phased-array transducers and continuous ECG monitoring. Standard echocardiographic scan planes were used in each dog. 18 Ventricular measurements were obtained from the right parasternal window, short axis view by two-dimensional guided M-mode echocardiography. Measurements of the left atrial (LA) and aortic diameter (Ao) were obtained using a two-dimensional method from the right parasternal short axis view at the level of the aortic root. 19 The following echocardiographic parameters were measured: left ventricular diastolic diameter (LVDD), left ventricular systolic diameter (LVSD), LA, and Ao. The diameters of the left ventricle were normalized for the effect of the body weight (BW) using the following equations: normalized LVDD (LVDDn) = LVDD/[BW 0.294 ] and normalized LVSD (LVSDn) = LVSD/[BW 0.315 ], as previously described. 20 Other echocardiographic indices included fractional shortening (FS), and LA:Ao.
19, 21 Measurements of transmitral E-max were obtained with pulsed-wave Doppler from the left apical four-chamber view.
In dogs with PH, the TRPG was calculated based on the Dopplerderived systolic right ventricle to right atrial pressure gradient. The latter was calculated applying the modified Bernoulli equation (Dp = 4 9 velocity 2 ) to the TR Vmax measured from the left parasternal fourchamber view. A peak TR Vmax ≥ 2.8 m/s (TRPG ≥ 31 mmHg) was considered to be indicative of PH.
16,17 Dogs with peak TR Vmax of 2.8-3.5 m/s, corresponding to TRPG of 31-50 mmHg, were considered to have mild PH, dogs with peak TR Vmax of 3.6-4.3 m/s, corresponding to TRPG of 51-75 mmHg, were considered to have moderate PH, and dogs with peak TR Vmax ≥ 4.4 m/s, corresponding to TRPG ≥ 76 mmHg, were considered to have severe PH.
16,17
Laboratory Evaluation CBC and serum biochemical analyses were performed within 24 hours on blood samples collected from dogs fasted for 12 hours beforehand. The RDW and other hematologic variables were measured by an automated CBC analyzer c previously validated for canine hematology. 2, 22 Serum biochemical variables were evaluated by a commercial analyzer.
d The internal quality controls provided by the manufacturers "Test Point Normal Control" and "Normal and Pathologic" were run daily for hematology and clinical chemistry analysis, respectively. The external quality control was performed for both analyzers using human control material every week e and following the EQA-RQAS (External Quality Assessment-Randox International Quality Assessment Scheme) monthly.
Reference intervals for RDW, hematocrit, and serum urea and creatinine concentrations, in the laboratory where the analyses were performed, were 11.9 to 14.5%, 38 to 57%, 20 to 50 mg/dL, and 0.5 to 1.5 mg/dL, respectively. Dogs were considered anemic when hematocrit was ≤37%. Dogs were considered to have mild anemia when hematocrit was ≥30 and ≤37%, and moderate-tosevere anemia when hematocrit was ≤29%.
23 Dogs were considered azotemic when the serum urea and creatinine concentrations were >50 mg/dL and >1.5 mg/dL, respectively.
Statistical Analysis
Data are reported as median and interquartile ranges. The nonparametric Kruskal-Wallis test was used to analyze equality of medians among groups according to the presence and type of PH as well as PH severity. When the factors were significant, a posthoc test with a Bonferroni correction was applied. For nominal data (sex), differences were evaluated by the chi-squared test.
Associations between continuous variables and RDW were investigated by Spearman correlation coefficient. After testing for collinearity, variables significantly associated with RDW were included in a multiple regression analysis performed in a stepwise manner. The relative importance of the included variables was assessed by order of entry into the model as well as by the change in the model R 2 (DR 2 ). All statistical analyses were performed with a statistical software program.
f The level of significance was set at P < .05.
Results
Study Population
The study population included 127 dogs of various breeds, with 65 males and 62 females. Among these, 19 dogs were clinically healthy, 50 dogs had MMVD without PH, 32 dogs had PH-MMVD, and 26 dogs had precapillary PH. The demographic data of each patient group are shown in Table 1 . Among the 58 dogs with PH, 26 (19 with PH-MMVD and 7 with precapillary PH), 20 (10 with PH-MMVD and 10 with precapillary PH), and 12 (3 with PH-MMVD and 9 with precapillary PH) dogs had mild, moderate, and severe PH, respectively. Dogs with PH-MMVD and precapillary PH were significantly older compared to control dogs (P < .001 for each comparison). Dogs with PH-MMVD had significantly lower BW compared to control dogs (P < .05).
Among dogs with precapillary PH, 10 dogs had chronic respiratory disorders (interstitial lung disease, 7 dogs; pulmonary neoplasia, 1 dog; chronic bronchitis, 1 dog; and tracheal collapse, 1 dog); 6 dogs had pulmonary arteries parasitic disease (heartworm disease, 5 dogs; angiostrongylosis, 1 dog); 3 dogs had suspected pulmonary thromboembolism (PTE) because of a compatible clinical presentation and a diagnosed predisposing condition (i.e., hyperadrenocorticism, 2 dogs) or echocardiographic evidence of a large thrombus inside the right pulmonary artery (1 dog). In 5 dogs, left-sided cardiac disease was excluded but the cause of PH could not be determined. Anemia was diagnosed in 3.1% (1 of 32) and 11.5% (3 of 26) of dogs with PH-MMVD and precapillary PH, respectively, and anemia was mild in the former and moderate/severe in the latter. Only 1 dog with anemia associated with precapillary PH showed mild signs of regenerative anemia. Azotemia was diagnosed in 24% (12 of 50) and 57.7% (15 of 26) of dogs with PH-MMVD and precapillary PH, respectively. Anemia associated with azotemia was found in 3.8% (1 of 26) of dogs with precapillary PH, but no dog with PH-MMVD had anemia associated with azotemia.
Thirty-one dogs were treated before visit, and the drugs prescribed by the attending clinician are listed in Table 1 . In particular, 16% (8 of 50), 62.5% (20 of 32), and 11.5 (3 of 26) dogs with MMVD, PH-MMVD, and precapillary PH, respectively, were receiving 1 or more drugs at the moment of blood sampling.
Laboratory and Echocardiographic Variables
Laboratory and echocardiographic data of the enrolled dogs grouped according to type or severity of PH are shown in Tables 2 and 3 , respectively. The median white blood cell number (WBC) was significantly higher in dogs with PH-MMVD and precapillary PH compared to that of healthy dogs (P < .001 for both comparisons) and dogs with MMVD (P < .01 and P < .001, respectively); also, it was higher in dogs with mild, moderate, and severe PH compared to that of dogs without PH (P < .05, P < .001 and P < .001, respectively). The median serum urea concentration of dogs with MMVD, PH-MMVD, and precapillary PH was significantly higher than that of control dogs (P < .05, P < .001 and P < .001, respectively), and the median serum urea concentration of dogs with PH-MMVD and precapillary PH was significantly higher compared to that of dogs with MMVD (P < .05 for both comparisons). Furthermore, the median serum urea concentration of dogs with mild, moderate, and severe PH was significantly higher compared to that of dogs without PH (P < .05, P < .05, and P < .001, respectively), and the median serum urea concentration of dogs with severe PH was significantly higher compared to that of dogs with mild PH (P < .05).
Dogs with precapillary PH had lower LVDDn and LVSDn compared to dogs with MMVD and PH-MMVD (P < .001 for both variables) and to normal dogs (P < .05), and lower LA:Ao compared to dogs with PH-MMVD (P < .001). Dogs with precapillary PH had also significantly higher TR Vmax and TRPG compared to both dogs with MMVD (P < .001 for both variables) and dogs with PH-MMVD (P < .01 for both variables) ( Table 2) .
When dogs were grouped according to the severity of PH (Table 3) , dogs with mild PH had significantly higher LVDDn, LA:Ao, FS, and E-max compared to dogs without PH (P < .01, P < .001, P < .05, and P < .001, respectively), whereas dogs with severe PH had significantly lower LVDDn and LVSDn compared (5) Fu (12) P (2) Fu (4) P (7) Ma (1) Di (4) Sp (1) F (1) Sp (4) Si (1) Dt (1) St (1) MMVD, Myxomatous mitral valve disease without pulmonary hypertension; PH-MMVD, pulmonary hypertension associated with myxomatous mitral valve disease; PH = pulmonary hypertension; n, number of dogs; NA, not applicable; P, pimobendan; ACE-I, angiotensinconverting enzyme inhibitor; Fu, furosemide; Di, digoxin; Sp, spironolactone; Dt, diltiazem; Ma, maropitant; Si, sildenafil; St, steroids. *P < .05 compared with healthy dogs. **P < .01 compared with healthy dogs. ***P < .001 compared with healthy dogs. Data are expressed as median (interquartile range). RDW, Red blood cell distribution width; MCV, mean corpuscular volume; WBC, white blood cell number; LVDDn, left ventricular diastolic diameter normalized for body weight; LVSDn, left ventricular systolic diameter normalized for body weight; LA, left atrial diameter; Ao, aortic diameter; FS, fractional shortening; E-max, transmitral peak E-wave velocity; TR Vmax, peak velocity of tricuspid regurgitation; TRPG, tricuspid regurgitation pressure gradient; n, number of dogs; MMVD, myxomatous mitral valve disease; PH-MMVD, pulmonary hypertension associated with MMVD. *P < .05 compared with healthy dogs. **P < .01 compared with healthy dogs. ***P ≤ .001 compared with healthy dogs. † to dogs with mild PH (P < .05 and P < .01, respectively), and significantly lower LVSDn and higher FS compared to dogs without PH (P < .01 for both comparisons).
RDW
In healthy dogs, the median (interquartile range) RDW was 13.3% (12.3-13.7%). Seven of 50 (14%) dogs with MMVD, 9 of 32 (28.1%) dogs with PH-MMVD, and 8 of 26 (30.8%) dogs with precapillary PH had RDW greater than the upper reference limit of 14.5%. In particular, dogs with precapillary PH and increased RDW included 4 dogs with chronic respiratory disorders, 2 dogs with heartworm disease, and 1 dog each with PTE and indeterminate PH etiology. The 17 dogs with PH and increased RDW (9 with PH-MMVD and 8 with precapillary PH) were quite equally distributed among the different PH groups, with 6 dogs each in the mild and moderate PH group, and 5 dogs in the severe PH group.
The median (interquartile range) of RDW in dogs with PH-MMVD and precapillary PH was 13.7% (13.2-14.7%) and 13.8% (13.2-14.9%), respectively, and was significantly higher compared to that of control dogs (P < .05 for both comparisons). No significant difference was found in the RDW between control dogs and dogs with MMVD (Table 2 and Fig 1A) . The median RDW in dogs with severe PH was 14.5% (13.6-17.3%) and was significantly higher compared to that of dogs without PH (P < .05) ( Table 3 and Fig 1B) . The RDW of dogs with mild and moderate PH was not significantly different from that of dogs without PH.
Correlation and Multiple Regression Analysis
Spearman's coefficient of correlation between RDW and demographic, laboratory, and echocardiographic variables is shown in Table 4 . The RDW was significantly positively associated with increasing age, white blood cell number (WBC), serum urea concentration, TR Vmax, and TRPG and significantly negatively associated with hematocrit and hemoglobin. Scatterplots of RDW and the independent variables age, WBC, hematocrit, serum urea concentration, and TRPG are depicted in Figure 2 . To identify important contributors to RDW, multivariate stepwise regression models were constructed including age, WBC, hematocrit, serum urea concentration, and TRPG as independent variables (Table 5) . Hemoglobin and TR Vmax were excluded from the model after testing for collinearity. Based on the order of entry, serum urea concentration had the highest explanatory power in the model and explained about 12% of the total variation of RDW. The estimated regression coefficient was about 0.01, which means that for every unitary increase of serum urea, RDW increased of 0.01%. The other variables included in the model showed an average incremental contribution of R 2 of about 6%. The final R 2 of the model was 30%. Only hematocrit showed a negative regression coefficient. The variance inflation factors were about 1 for every predictor which means that there was no correlation among the variables. Therefore, the variance of estimated regression coefficients was not inflated at all. TRPG was the only predictor not included in the model.
Discussion
The results of the present study revealed that RDW was increased in both dogs with PH-MMVD and dogs with precapillary PH without concomitant changes of MCV, but only dogs with severe PH had increased RDW. Multivariate analyses showed that age, hematocrit, WBC, and serum urea concentration, but not Doppler-estimated TRPG, namely PH severity, were significantly associated with increased RDW in the dog. Dogs with precapillary PH had a higher value of TR Vmax and, consequently, TRPG, compared to dogs with PH-MMVD. These findings support that precapillary PH is usually associated with a greater increase in pulmonary arterial pressure compared to postcapillary PH in dogs, 15, 24, 25 although they might be the consequence of a more advanced disease in dogs with precapillary PH. Hence, dogs with precapillary PH are often evaluated after the onset of clinical signs, whereas dogs with MMVD can be evaluated at different disease stages, even when clinical signs of PH are not present. MCV, Mean corpuscular volume; WBC, white blood cells number; LVDDn, left ventricular diastolic diameter normalized for body weight; LVSDn, left ventricular systolic diameter normalized for body weight; LA, left atrial diameter; Ao, aortic diameter; FS, fractional shortening; E-max, transmitral peak E-wave velocity; TR Vmax, peak velocity of tricuspid regurgitation; TRPG, tricuspid regurgitation pressure gradient.
According to both inclusion criteria (i.e., increased LA and E-max, which are echocardiographic indices associated with more severe prognosis in dogs with MMVD) [26] [27] [28] and the observed increased of left ventricular dimension, dogs with PH-MMVD showed more severe left-sided cardiac remodeling compared to dogs with MMVD without PH, as previously reported. 15, [29] [30] [31] Conversely, dogs with precapillary PH had reduced left ventricular dimension compared to dogs of all the other groups, likely as a consequence of reduced venous return to the left heart. 25, 32, 33 More than one quarter and one-third of dogs with PH-MMVD and precapillary PH had RDW greater than the reference interval, respectively, and their median RDW was significantly increased compared to that of control dogs. However, only dogs with severe PH, regardless of the underlying pathophysiologic mechanism, had increased RDW compared to dogs without PH or dogs with mild or moderate PH. Increased RDW in dogs with precapillary PH but not in dogs with postcapillary PH compared to healthy dogs has been recently reported. 17 Differences in study design and cardiac diseases associated with postcapillary PH might explain different results between this study and that previous study. Chronic respiratory disorders, heartworm disease, and PTE, in addition to MMVD, were most frequently associated with increased RDW in dogs with PH reported here. Increased RDW has been reported as an early predictor of RV failure and an independent negative prognostic factor in human patients with chronic pulmonary disorders, 34, 35 and acute and chronic thrombotic and thromboembolic pulmonary disorders. 7, [36] [37] [38] [39] In dogs of the present study, age was positively associated with increased RDW in the multiple regression model. A gradual increase of RDW with aging has been reported in the human scientific literature. 40 In the dog, a recent study evidenced no significant difference of RDW between puppies and adult dogs, 41 but no information is available regarding changes of RDW in aged dogs. RDW was negatively associated with hematocrit and hemoglobin concentration. However, no correlation was found between RDW and MCV, differently from previous studies both in humans and dogs. 5, 8, 17 The reasons of this discrepancy remain unclear. The biologic mechanisms underlying the association between high RDW and different human cardiovascular diseases including myocardial infarction, coronary artery disease, atrial fibrillation, stroke, peripheral artery occlusive disease, and PH, as well as other systemic disorders (e.g., cancer, diabetes, kidney, or liver disease), are still largely unclear. 3, 5, 6, 40, 42 In people, it has not yet been well elucidated whether RDW might be an independent cardiovascular risk factor or whether it rather only represents a simple marker of a concomitant disorder, such as an underlying inflammatory state that impairs erythrocyte maturation; impaired renal function and consequent inadequate production of erythropoietin; malnutrition (i.e., deficiencies in nutrients, such as iron, vitamin B12, and folate); or oxidative damage. 3, 5, 36, 40, 42 Inflammation, oxidative stress, or both have been proposed as the important determinants of RDW in some forms of PH in humans. 3, 6 The increased WBC concentration we found in dogs with PH-MMVD and precapillary PH, as well as in dogs with moderate and severe PH, and the significant association of WBC and RDW suggest that inflammation may be associated with anisocytosis in dogs with PH. However, increased WBC in these dogs might also represent a stress response for the underlying disease, hospitalization, or both 43 Increased urea concentration but not creatinine concentration was found in dogs of the present study with PH-MMVD and precapillary PH as well as in dogs with moderate and severe PH. Furthermore, RDW had a significant positive association with serum urea but not creatinine concentration suggesting a possible relationship between RDW and prerenal azotemia. In humans, a strong, graded, and independent association between RDW and estimated glomerular filtration rate has been demonstrated as well as a parallel increase of RDW and stages of chronic kidney disease. 44, 45 However, because of the lack of urinalysis results, we cannot draw firm conclusions about the actual origin of azotemia in dogs of the present study. Moreover, serum urea values could have been affected by drugs employed in some dogs at inclusion (e.g., furosemide and ACE-inhibitors), 46, 47 but this effect could not be quantified. Other variables with a significant association with RDW were hematocrit and hemoglobin, as well as TR Vmax and associated TRPG. However, in addition to age and hematocrit, only serum urea concentration and WBC remained significantly associated with increased RDW after multivariate analyses. These findings suggest that RDW is likely a marker of concomitant disorders in dogs with PH because the association between RDW and severity of PH was not confirmed in the multivariate analyses.
Few studies have been specifically focused on cardiac biomarkers in dogs with naturally occurring PH including evaluation of cardiac troponin I (cTnI) and natriuretic peptides concentration in dogs with precapillary PH, PH-MMVD, and experimentally induced chronic embolic PH. [14] [15] [16] 48 Because of differences in study design and patient population, some disparities exist among results of these studies but increased levels of cTnI and brain natriuretic peptide were observed in dogs with precapillary PH, particularly in those with more severe PH, PTE, or both. 15, 16 Although the RDW, which is a routine part of the CBC, would be a cost-effective alternative to more expensive laboratory evaluations, its diagnostic and prognostic utility in dogs with PH appears limited according to the results of the present and a recent study, 17 respectively. There were various limitations to the present study. Healthy dogs were age-matched with dogs with MMVD but not with dogs with PH-MMVD and precapillary PH, and a positive association between RDW and age was found in dogs of the present study. The diagnosis of PH was based on Doppler echocardiographic findings of TR Vmax, and neither cardiac catheterization nor other echocardiographic and echoDoppler parameters were employed for the direct and indirect confirmation or exclusion of PH. 31, 49, 50 Doppler evaluation of TR Vmax is the most commonly employed technique for the diagnosis of canine PH in the clinical setting, 12, 13 and the presence of PH was considered very unlikely in clinically healthy dogs without clinical, radiographic, and echocardiographic evidence of cardiorespiratory disorders, although a measurable TR was not available in these dogs. Furthermore, no assessment of right ventricular function was carried out. Thus, underestimation of PH severity in dogs with right ventricular dysfunction cannot be excluded. Some of the dogs classified with PH-MMVD could have concomitant undetectable chronic bronchial or pulmonary disease. In these dogs, PH was considered postcapillary but a precapillary component cannot be completely excluded. Dogs with precapillary PH had higher TRPG compared to dogs with PH-MMVD, but this probably reflects a different disease stage that could have biased the study results. Absolute reticulocyte count was not available. These data would have added additional useful information on the pathophysiology of the observed difference in RDW and would have excluded confounding factors in the small subset of anemic dogs. The diagnosis of PTE in 3 dogs with precapillary PH was based on clinical findings in dogs with predisposing disease or echocardiographic evidence of a thrombus inside the pulmonary artery. Necropsy confirmation was available in only 1 case, but advanced imaging techniques (i.e., scintigraphy or computed tomographic angiography) were not used in the diagnostic work. Finally, dogs with cardiopulmonary disease included in the study were either first-opinion or referred cases and almost a quarter of them were receiving drugs for the underlying disease. The effect of these drugs on each measured RDW could not be determined.
Conclusions
A significantly increased RDW was found in dogs with both precapillary PH and postcapillary PH, as well as in dogs with severe PH regardless of the underlying pathophysiological mechanism. Results of the multivariate analyses showed a positive association between RDW and serum urea concentration and WBC count, but not with severity of PH. Although the biologic mechanism underlying the association between raised RDW and PH cannot be determined from this study, it may be associated with dehydration, a proinflammatory or stressful state, or both. 
